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1 Introduction

Statistical mechanics studies how microscopic interactions give rise to macroscopic phenomena.
Two of the most well-known models in the subject are Bernoulli percolation and the Ising model.

Bernoulli bond percolation, which we refer to simply as percolation, was invented by Broadbent
and Hammersley [DC18]. In the model, each edge e of the lattice Z¢ is included (open) or excluded
(closed) independently according to a Bernoulli random variable with parameter p, = 1 — e A7,
The resulting random graph is known as the percolation configuration, and we seek to understand
properties of its connected clusters. Although percolation is a simple model, it possesses a number
of remarkable properties. The main question regarding the model is whether the cluster Cy of
the origin is infinite with positive probability. If this occurs, then we say that the configuration
percolates, in the sense that the origin is connected to the point at infinity. It turns out that
the model exhibits a phase transition at a certain critical parameter ., so that below f., there
is almost surely no infinite cluster containing 0, while above (. the cluster of the origin is infinite
with positive probability [DC18].

In contrast to Bernoulli percolation, the Ising model introduces dependency between individual
components of the model. The Ising model originated in physics as a model of ferromagnetism
[DC17]. Ferromagnetism is a property that we are all well acquainted with; ordinary metals
can become magnetized when exposed to a strong external magnetic field, thereby becoming
magnets in their own right. Consider a ferromagnetic metal placed in an external field h at some
temperature T'. The Ising model posits that a magnet consists of many interacting dipoles, each
having spin up (+1) or spin down (—1). The energy (Hamiltonian) of the configuration has two
determinants: first, the amount of agreement between neighboring sites of Z9, and second, the
amount of agreement with the external field. Configurations with lower energies are more likely
to be realized, so that the configuration can be thought of as a sample from a certain probability
distribution. The magnetization is defined as the expected spin of the origin. The key question is
at which temperatures the phenomenon of spontaneous magnetization occurs, when the material
retains nonzero magnetization even as the external field is decreased to zero. As it turns out,
the Ising model exhibits a phase transition at a critical temperature T = T, called the Curie
temperature. Equivalently, the spontaneous magnetization is positive above a critical inverse
temperature 5 = . [DC17].



The phase transitions in both percolation and the Ising model have an additional feature.
Below the critical point, the models exhibit exponential decay of correlations. However, above the
critical point, the correlations are bounded below by a positive constant, so that there is long-
range order [DC18] [DC17]. Stated formally, in either percolation or the Ising model, if 51 denotes
the largest [ for which the two-point function exhibits exponential decay, and if Sy denotes the
smallest value of § for which there is long-range order, then we have the following result [AB87]
[ABFS7].

Theorem 1.1 (Sharpness of percolation and Ising). For all d > 2, both Bernoulli percolation and
the Ising model with free boundary condition on Z® satisfy Br = PBu.

This theorem, known as the sharpness of the phase transition, is remarkable; although it is not
hard to establish exponential decay for sufficiently small # and long-range order for sufficiently
large 8 by means of perturbative methods, it is not at all clear that the decaying regime should
extend up to the start of long-range interactions. The common technique behind the proofs of the
sharpness of the phase transition is the concept of differential inequalities [AB87] [ABF87].

The aim of this report is to exposit results on the sharpness of the phase transition for
another model, the random cluster model. The random cluster model, introduced by Fortuin
and Kasteleyn, is a generalization of percolation and the Ising model that is less well understood,
with sharpness only proved recently [Gri06] [DCRT18]. In this report we present a number of
differential inequalities that have been derived for the random cluster model, including tail bounds
on the radius and volume of the cluster of the origin. The ultimate goal of differential inequalities
is to gain an understanding of critical exponents, and we touch on this subject at the end of the

paper.

The structure of the report is as follows: in Section 2 we present background; in Section 3
we derive partial differential inequalities for percolation; in Section 4 we present the theory of
decision trees and forests; and in Section 5 we present three applications of the theory to the
random cluster model.

2 Background

In this section, we quickly recall the features of Bernoulli percolation, the Ising model, and the
random cluster model that are relevant to the body of the report.

2.1 Bernoulli percolation

In this section, we follow the papers [DC18] and [ABS8T7].

Consider the integer lattice Z?, where d > 1. We equip Z% with the nearest-neighbor graph
structure, where two lattice points x and y are joined by an edge if and only if ||z — y|| = 1, where
| - || denotes the ¢1-norm. We write x ~ y if ||z — y|| = 1. In keeping with the terminology of
statistical mechanics, we also refer to vertices and edges as sites and bonds, respectively. We now



take a finite connected subgraph A of Z? with edges £ and a parameter 3 > 0 and construct a
random graph on A in the following manner: for each bond e = zy € FE, e is included in the
graph with probability p. = 1 — e7#’¢_ independent of all other edges, where J, is a nonnegative
coupling constant. A bond e is called occupied if w, = 1. In other words, if w, the indicator
random variable that e is occupied, then w, follows a Bernoulli distribution with parameter p..
The resulting random graph w is called a configuration, and the probability measure on the set of
configurations is a product measure over all so-called bond variables w,.. Explicitly, the measure

can be written as
Polw] = [ [ vt (1 = pe)' .
eclk
If p. = p for all bonds e, then the measure can be rewritten as p°“ (1 — p)¢“), where o(w) and
¢(w) denote the number of open and closed bonds, respectively. See Figure 1 for an depiction of
a percolation configuration.
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Figure 1: A percolation configuration w on A C Z2.

The model can be extended to A = Z¢ by a standard argument. Formally, the infinite volume
measure is the infinite product measure over all bond variables w,.. In infinite volume, we require
the coupling constants to be translation invariant and we require that |J| = ) _ Jy, is finite.

To fix notation, given sites = and vy, let x & y denote the event that z and y are connected by
a path of open bonds in a given subset S of A; if S = A, then we typically drop the label. Given
a site x, let C, denote the connected component of x. We refer to C, as the cluster containing x.
For percolation on Z? with d > 2, let 6(3) = P3[|Cy| = oc]. The existence of a phase transition
states that there exists 5. > 0 such that 6(8) = 0 for § < f., while () > 0 for 5 > .. The
critical points Sr and Sy for percolation on Z¢ are defined as Sy = sup{3 : Jcg > 0 s.t. Pglz <>
y] < e~sle=vll for all z,y € Z9} and By = inf{B : 6(B) > 0}.

Before continuing, we collect a few standard tools from probability theory that are
indispensable in the study of percolation.

Consider the ordering on configurations given by w < w’ if and only if w, < W/, for all e € E.
A random variable X : Q@ — R is called increasing if w < w’ implies that X (w) < X(w’). An event
A is called increasing if the indicator random variable 1, is increasing. The Fourtuin—Kasteleyn—
Ginibre (FKG) inequality states that increasing random variables are positively correlated with
respect to the percolation measure.

Proposition 2.1 (FKG inequality). For Bernoulli percolation on Z%, Eg[fg] = Es[f1Eslg] for all
increasing random variables f and g. In particular, Ps[A N B] > Pg[A|Ps[B] for all increasing
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events A and B.

Next, recall that given an event A and a configuration w, a set of edges [ is called a witness
for A if w'(e) = w(e) for all e € I implies that w’ € A. Two events A and B are disjointly-realized
if there exist disjoint witnesses for A and B. The event that A and B are disjointly-realized is
denoted A o B. The van der Berg—Kesten (BK) inequality provides a sort of converse to FKG.

Proposition 2.2 (BK inequality). For Bernoulli percolation on Z2, if A and B are events that
depend on finitely many edges, then Pg[A o B] < Pg[A|Pg[B].

Finally, we state Russo’s formula, which allows us to compute the rate of change of
expectations and probabilities with respect to bond probabilities. Given an increasing event A
and a configuration w, an edge e is pivotal for A if A occurs when e is open but A does not occur
when e is closed.

Proposition 2.3 (Russo’s formula for percolation). Given a finite subset A of Z* and a function
f:{0,1}* = R, we have
-Bal) ()] = Coulf(w), ),

where covariance is taken with respect to the measure Pg on A. Thus, for Bernoulli percolation on
74, if A is an increasing event that depends on finitely many edges and if e is an edge, then

0
Ope

Ps[A] = Pgle pivotal for Al.

Although stated in the context of percolation, Russo’s formula holds for any product measure
on a finite sample space, and we will make use of this fact below.

2.2 Ising model

In this section, we follow the papers [DC17] and [ABF87].

Fix an inverse temperature [ = % > 0 and a constant external magnetic field A > 0. As
in percolation, we work on a finite connected subgraph A of the lattice Z?. We assign a spin
o, € {£1} to each z € A, and we let o denote the resulting configuration. (Since we do not
make use of arbitrary boundary conditions on the Ising model in this report, we simply use the
free boundary condition f; however, this will not be the case for the random cluster model.) The

Hamiltonian of the configuration ¢ is given by the sum
H};h(a) =— Z Joy0z0y — h Z Oz,
T~y TEA

where J,, are nonnegative coupling constants between adjacent sites. The partition function of
the model is defined as the sum of the so-called Gibbs factors over all configurations:

!
oe{x1}A
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The Ising probability measure with free boundary condition from which the configuration o is
sampled is given as

1 gm0 (&
Mf\,ﬁ,h[a] =7 ¢ PHAD),
ZA Bk

For convenience, we drop subscripts and superscripts when they are clear from context.

As with percolation, the model can be extended to A = Z?. Assume that the coupling constants
are translation invariant and that |J| = Y ;. Jo» < oo. Formally, the infinite volume Ising
measure with free boundary condition is given as

1 _sufes
Né,h[o] =_—5¢ P dp (o),
Zﬁ7h

where p is the uniform product measure on all configurations on Z¢.

We now introduce our notions of interaction. Consider the Ising model on Z? with d > 2
with free boundary condition. Given a random variable X, we denote its expectation with respect
to the measure /L;;h as (X)gn, and we drop labels for convenience. The spin-spin correlation
between two sites = and y is defined as the expected value (o,0,). The magnetization M (3, h)
of the model is defined as the expected spin (o) at the origin. As explained above, we are
interested in the spontaneous magnetization, which is given by sending the external field h to zero:
M(B3) = limypyo M(B3, h). The magnetic susceptibility is defined as the sum x(3,h) = > ;4(0002),
and we write x(5) = limp 0 x(5, k). The existence of a phase transition states that for d > 2,
there exists 5. > 0 such that M(5) = 0 for 8 < ., while M () > 0 for 5 > (.. The critical points
Br and By for the Ising model on Z? are defined as

Br =sup{B : Ieg > 0 s.t. (0,0,) < e o7l for all z,y € 7%}
and By = inf{f : M(B) > 0}.

2.3 Random cluster model

In this section, we follow the papers [DC17] and [DCRT18].

We now introduce the random cluster model. Although not obvious at first glance, the model is
a unification of a wide swath of statistical mechanics models, including both Bernoulli percolation
and the Ising model. Although the set-up is rather similar to that of Bernoulli percolation, there
is a key difference in the probability measure that causes the states of distinct bonds to in general
be dependent.

Fix > 0 and ¢ > 1, and let p. = 1 — e~?’¢ for nonnegative coupling constants .J.. Consider a
finite connected subgraph A of the lattice Z¢ with edges £. A boundary condition ¢ is a partition
PyU...UP, of the boundary OA = {x € A : 3y € Z*\ A s.t. © ~ y}. The free boundary condition
is f =|l,coniz}, and the wired boundary condition is w = {OA}. Given a configuration of bonds
w, the graph w® is w with all sites # € P; identified for each 1 < ¢ < m. The random cluster
measure on A with boundary condition £ can be written as

1 wé (9] —W,
¢§\,B,q[w] - 7¢ ¢ I I pee(1 —pe) '™,
A?Bvq eeE



where k(w®) denotes the number of clusters in w®. Note that if ¢ = 1, then we recover bond
percolation on A. However, when g > 1, the states of distinct bonds are dependent due to the
presence of the factor ¢ that favors configurations with more clusters. In particular, when
q = 2, the Edwards—Sokal coupling couples the random cluster model to the Ising model. When
€ € {f,w}, the model can be extended to A = Z¢ via limits of finite graphs.

The notation used for percolation carries over to the random cluster model. In particular, for
the random cluster model on Z¢ with d > 2 with boundary condition ¢ € {f,w}, 6°(3) is the
probability that Cj is infinite. Given £ € {f,w}, the existence of a phase transition states that
there exists 35 > 0 such that 65(3) = 0 for 3 < 3%, while 65(8) > 0 for 8 > g5. It is known that
B = ¥, so that we may drop the superscript without ambiguity [Gri06].

We now present the probabilistic tools that generalize to the random cluster model. These
properties are most easily stated in the general context of monotonic measures. Given a graph
G = (V, E) with edges E and vertices V, a measure y on {0, 1}¥ is monotonic if for all F C E, for
all £,¢ € {0,1}F with £ < ¢, and for all increasing subsets A of {0,1}, we have that u[A|w. =
¢Ve € F| < u[Alw. = (Ve € F| whenever plw, = Ve € F] > 0 and plw. = (Ve € F|] > 0
[DCRT18]. The random cluster model is monotonic for ¢ > 1 and inherits the following properties.

Proposition 2.4 (Positive association). Given a finite connected subgraph A of Z¢ and ¢ > 1, we
have:

e (Comparison between boundary conditions) If A is an increasing event and § < £ are
boundary conditions, then gbiﬁ,q[A] < qﬁf\/’B’q[A].

e (Monotonicity) If A is an increasing event and 3 < [/, then gbi’ﬁ’q[A] < gbiﬂ,’q[A].

o (FKG inequality) If A and B are increasing events, then

d)f\,ﬁ,q[A N B] > ¢§\,B,q[A]¢§X,B,q[B]

It is often useful to condition on the states of a set of bonds. The following proposition
ensures that the resulting conditional distribution is again a random cluster model with a modified
boundary condition.

Proposition 2.5 (Domain Markov Property). Given a finite connected subgraph A = (V, E) of
74, a subgraph N' = (V', E') of A, a boundary condition &, and configurations b and ¢’ on E'\ E’
and E' respectively, we have

3
¢§\7/37q[w|E' = ¢/’w|E\E’ = w] = K’,ﬁ,q[¢/]'

Here wy,, denotes the restriction of w to the set L.

Finally, we state two analogues of Proposition 2.3. The finite volume analogue is a direct
generalization [Hut20].

Proposition 2.6 (Russo’s formula for random cluster model). Given a finite connected subgraph
A of Z¢ and a function f : {0,1}* = R, we have

d J.
%(éf\,ﬂ,q[f(w)] = ; o Cov[f(w), wel,



where covariance is taken with respect to the measure qbf\ B

There is also the following infinite volume generalization, first proven in [Hut20]. Unlike the
finite volume case, it takes the form of an inequality. Given a function f : [a,b] — R, we define
its lower-right Dini derivative at x € [a,b) as

( d )+f(x) e f@ e = fa)

@ el0 g

zsin(l/x) = #0

0 T =

(d%)jog F0) = i (%)j(x»

Proposition 2.7 (Infinite volume Russo’s formula for random cluster model). Given an increasing
function f {0, 1}Zd — R and boundary condition & € {f,w}, we have

As an example, the function f(z) = { has lower-right Dini derivative —1 at

x = (. Note also that

(%)ﬁq“ @) > 3 e O () ]

eceE

for all 8 > 0, where covariance is taken with respect to the measure gzﬁg .

Note that there is no analog of the BK inequality for the random cluster model. Historically,
the BK inequality has been at the heart of proofs of the sharpness of percolation [AB87] [Men86].
As we will see below, the random cluster model requires additional tools to analyze.

3 Sharpness of Bernoulli percolation

We begin by presenting the key result in the Aizenman—Barsky proof of the sharpness of the
phase transition in Bernoulli bond percolation on Z?: a pair of partial differential inequalities
for the model. While other approaches exist — most notably, Menshikov’s proof in [Men86] —
the advantage of the partial differential inequalities of Aizenman—Barsky is the fact that they
yield critical exponent bounds that match the mean-field limit. The quantity at the heart of our
differential inequalities is a certain notion of magnetization M for Bernoulli percolation. We will
arrive at the definition of M by way of an analogy with the Ising model. This is one instance of
the fruitful interplay between percolation and the Ising model. In this section, we follow the paper

[ABST].

As stated above, the quantity at the heart of our percolation inequalities is a certain analogue
of the magnetization M (3, h). We proceed formally. Recall that the Hamiltonian of the Ising
model on Z? with free boundary condition is H(c) = — way JoyOo0y — Y cpa 0. We now
augment the system by introducing a Griffiths “ghost site” ¢ with spin ¢ sampled uniformly from
{+£1} and coupling constants J,; = 1 —e™" for all sites z € V = Z%. We modify the spins of the



remaining sites by setting ¢, = 0,0. The Hamiltonian of the modified system with zero external
fieldis H = =%, cyr Jay020,, where V' =V U {g}. Splitting the sum, we find

E JayOz0y — E SO0

z,yeV,x~y zeV

. A A “h
Since 6,6, = 0,0, and J,;6,6 = (1 — e ")o,, we have

H=— Z o0y — (1 — € ZO’I,

T~y zeV

which as h | 0 is precisely the original Hamiltonian H. We see that the ghost site trick allows
us to convert the Ising model with an external field to an Ising model without an external field,
simply by adding an additional site. Not only that, but the two-point function (5,6) is equal
to the magnetization (o,). Therefore we can convert questions about magnetization to questions
about the two-point function, and vice versa.

Having established this dictionary for Ising, we define M (3, h) for percolation. Append a ghost
site g such that the bond zg is open with probability 1 —e~" for all . By the above, the two-point
function of the modified system should correspond to the magnetization of the original system.
Thus we define M (3, h) = P[0 <> g] for percolation.

Note that there is a way to define M that avoids the introduction of a ghost site. At each
site o, independently assign a site variable n, € {0,1}, where 1, = 1 with probability 1 — e™"
We let G denote the set of sites = with n, = 1, and we call G the ghost field of green sites.
The correspondence to the ghost site construction is clear: the set of green sites corresponds to
the set of sites « for which the bond zg is occupied. As a result, M(S,h) = P[0 <> G], where
{0+ G} ={C. NG #0}. In the proof of the differential inequalities below, we primarily utilize
the perspective of G. We abuse notation and let P denote the product measure.

We now compute certain functions of M that are relevant to our inequalities. Let us condition
on the set of bonds in the connected component Cj. Note that 0 is not connected to G if and only
if none of the sites x € Oy are green. Each site x is not green with probability e", hence all sites
are not green with probability eI, Tt follows that M (8, h) = P[1 — e~"I%l]. Sending h | 0,

M(B) = lim M(8, b) = PlLicync] = PI|Col = o] = 0(3).

In other words, M () > 0 is equivalent to percolation to infinity, and when A > 0, the event
{0 <> G} is a surrogate for percolation to infinity. Next, we define the susceptibility

oM
Oh

As h — 0, x(8, h) tends to P[|Cy| - 1cy|<c0]. Hence by definition of Sy, we have x(3,0) = E[|C|]
for f < fy. In fact, for h > 0, we can write x(5,h) = P[|Co| - Lowng]-

X(B,h) = P[|Cole™"1).

We are ready to state our differential inequalities.

Theorem 3.1 (Partial differential inequalities). The following two inequalities hold for percolation



on Z% with d > 2:

oM oM
95 S < |J|M—— o (Burgers’ inequality)
8M oM
M < 8h + ﬂMﬁ_ﬁ + M? (¢ inequality)
The first inequality is a Burgers’ inequality. The Burgers’ equation % = v% is the simplest

partial differential equation with shock formation. The equation, which models the velocity v(z, t)
of a fluid moving in one dimension, exhibits shocks when the initial condition v(z,0) is decreasing
in x. As a result, the solution becomes discontinuous at some time ¢. [Lan11]. The correspondence
to the Burgers’ inequality is via v <+ M, t <> 3, and x <> h. The second inequality is known as a
¢? inequality due to its relation to field theories in physics.

We now prove the two inequalities. Note that we must consider a finite volume approximation
on the box A;, = (=L, L]*NZ? with periodic boundary conditions to ensure translation invariance.
Sending L — oo yields the inequalities in infinite volume. For details, see [AB87].

In addition, throughout the proof, we apply Russo’s formula (Proposition 2.3) to functions on
the space of configurations (w,n) of bonds and green sites. This is valid because the configuration
(w, n) is sampled from a product measure on the set FUZ? of edges and sites, and Russo’s formula
applies to functions on any product space.

Proof. We begin with the Burgers’ inequality. As we will see, our work will be useful in the proof
of the second inequality. We claim that

ZJ Plwe = 0, e pivotal for 0 <> GJ.

eck
To see this, recall that Russo’s formula (Proposition 2.3) states that

0 1
6p€P[E] = Ple pivotal for E] = T

Plw. = 0, e pivotal for E].

Note that %’; = J.e B and 1 — p, = e #’. Therefore by the chain rule,

Ope :
E| = JPlw, = 0, e pivotal for E/,
= 32 5 S EIE) = 3l =0 vl o £

as desired.

Next, we interpret the event in the sum geometrically. If e = xy, then the event that e is
pivotal for E is the event that (1) any connection between 0 and G must pass through the edge
e, and (2) if bond e is opened, then there exists a path from 0 to G. When we set w, = 0, the
connected cluster of the origin is disconnected from G, but we retain a path from y to G. Therefore,
the event E' may be rewritten as {z € Cy,CoNG =0,y <> G}.

We now perform the key step in the argument: conditioning on the cluster Cy = A for a given
set of sites A. Conditioning gives us additional geometric control over the events in question, and



this technique will reappear throughout this report. Our sum becomes

JLP[Co= A ANG = 0.y 8"
ZZ 6[0 ) 7y

e=xy A,x€A

gl.

Ap\A
Note that the event {y at G} that y is connected to G in the complement of A is clearly
independent of {Cy = A, AN G = ()}, since the states of the bonds in Ay \ A are independent
of bonds and sites in A. We may therefore split the probability and apply the trivial inequality

Ply Ayt G] < Ply <» G] = M to find an upper bound of

MY Y JP[Co=AANG =0

e=zy A,z€A

Removing the conditioning, this simplifies to

M Z JSP[LC S C(),Coﬂg = @]

e=xy

We now separate into a sum over x and y to find

MZP[?L’EC(),Coﬂg:@]'Zny.

x€Z4 Y

We recognize the sum on z as x(3, h), the expected size of |Cy| conditional on CoNG = ), and by
translation invariance the sum on y equals |.J|. Thus our bound reads %_1\54 < |J| My, establishing
the first partial differential inequality.

We continue by proving a weak version of the second inequality. Specifically, we show that

M < Bx+M2+6QM%—Ag,

gﬁ One can show that this implies

the second inequality with a little extra effort; for details, see [AB87].

where we use the notation £ = e* — 1, and where () = sup,

We begin with the left-hand side of our inequality, the probability M that 0 is connected to
the green set G. We decompose the event {0 <» G} into three cases:

e Case 1: there is ezactly one green site in Cy;

e Case 2: 0 is doubly-connected to G; or

e Case 3: there are at least two green sites in Cjy but 0 is not doubly-connected to G.
Here, 0 is doubly-connected to G if there are two paths between 0 and G that only intersect at

the starting site 0. Note that Case 1 is not the same as a single path from 0 to g. For a visual
depiction, see Figure 2.
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or or

Case 1 Case 2 Case3
Figure 2: The three cases in the proof of Theorem 3.1; reproduced from Figure 2 of [AB87].
We bound the probability of each case in turn. Cases 1 and 2 are relatively straightforward.

Case 1 is equivalent to the existence of a site x for which the variable 7, is pivotal for the event
{0 <> G} and for which 7, = 1. By Russo’s formula, this is given by

Z P[n, pivotal for {0 < G}, n, =1] = (1 —e ") Z P[n, pivotal for {0 <> G}|

z€Z4 x€Z
= (-0 elh)/ah %A/j
=@ -2

yielding the first term in the upper bound. In Case 2, the two paths are disjointly-realized.
Since each path occurs with probability M, the BK inequality (Proposition 2.2) implies that the
probability that they are disjointly-realized is bounded by M?2.

Case 3 is the most tricky, but as we will see, the conditioning arguments we utilized in
establishing the first partial differential inequality will serve us well. The geometric picture to
bear in mind is the following: since 0 is not doubly-connected to G, there exists an ordered set of
pivotal edges for the event {0 <> G} such that every connection must pass through these edges.
Between consecutive pivotal edges, we have “bubbles” consisting of at least two edge-disjoint
paths. Beyond the last pivotal edge zy, there must exist at least two disjoint paths from y to G.
The BK inequality will allow us to “peel off” one of these disjoint paths in such a way that the
resulting event is identical to one encountered in the first partial differential inequality.

Let us make this precise. Let F' denote the event in question. Let e = xy be the last bond
common to all paths from 0 to G, so that any such path contains xy. Then y must be doubly-
connected to G in the exterior of Cj°, the set of sites connected to 0 through paths that do not
include e = zy. By our choice of zy, the set C§¢ cannot intersect G. As a result, we have the
upper bound

P[F] < Z Plw. = 1,z € Cy, C5° NG = 0,y doubly-connected to G in Ay, \ C5°].

e=zy

We now apply the key conditioning: in order to manipulate the sum, we condition on the set
C5¢ = A. Note that the bond random variables in Ay \ A remain independent after conditioning.

11



The bound becomes

Z Z Plw. = 1] - P[C5¢ = A, AN G = ()] - Ply doubly-connected to G in Ay, \ Al.

e=xy A,x€A

We now “peel off” one of the two connections from y to G. Specifically, note that by the BK

A(L_\)A

inequality, we have P[y doubly-connected to G in Ay \ A] < Py G)?, which is clearly at most

M - Ply At G]. Therefore our bound becomes

MY Y Plu.=1-PC;* = A,ANG =] -Bly "8 g].

e=xy A,x€A

Since Plw, = 1] = 1 — e7#7¢ we have Plw, = 1] = BJ, - Plwe = 0], which by definition is at most

BQJIPlw. = 0]. Also, it is clear that Py At G| < Ply + G|. Plugging these bounds into the
above and removing the conditioning on A, we find

P[F] < BQM Y JPlw. =0,z € Co,C7°NG =0,y «» G.

e=xy

Note that the event in the sum states that e is closed and that e is pivotal for the event 0 < G.
However, this very expression appeared in the proof of the Burgers’ inequality! As above, Russo’s
formula and the chain rule imply that the sum is precisely %—]g. It follows that P[F] < QM %—]g,
as desired. Summing Cases 1, 2, and 3, we find the ¢* inequality. ]

It turns out that these inequalities hold for the Ising model as well. In fact, using the random
current and random walk representations of the Ising model, Aizenman—Barsky—Fernandez obtain
an improvement on the second inequality [ABF87].

Since Bernoulli percolation and the Ising model can be identified with the random cluster
model with weight ¢ = 1 and ¢ = 2 respectively, it is natural to ask whether any of the above
can be generalized to to the random cluster measure. Indeed, we may define the magnetization
M(B,h) = E[l — e %l] for the random cluster measure on Z? as above. We conjecture the
following.

Conjecture 3.2. For d > 2, the partial differential inequalities in Theorem 3.1 hold for the
random cluster model on Z* with boundary condition &€ € {f,w} and q € [1,2].

Note that existing proofs of the partial differential inequalities for percolation and the Ising
model are quite different, and it is desirable for the proof of Conjecture 3.2 to apply for all ¢ € [1,2].
Below, we present a recent proof of a weak version of the ¢* inequality that applies for all ¢ > 1
due to Aizenman—FEl Bahri. However, there does not exist progress on the Burgers’ inequality for
general q.

4 Decision tree and decision forest inequalities

We now shift our attention to the random cluster model. As we have seen, the Aizenman—Barsky
proof of the sharpness of percolation uses the independence of the model in a fundamental way.
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For instance, the BK inequality is used in the proof of both the Burgers’ and ¢? inequalities, but
there is no generalization of BK to the random cluster model [Gri06]. Similar issues prevent the
proof of sharpness of the Ising model from generalizing. In order to circumvent these obstacles, a
new input was needed. Surprisingly, the key tool came from the theory of boolean functions and
decision tree inequalities in theoretical computer science.

4.1 Omne-function DRT inequality

Decision trees are models of computation in computer science. Informally, a decision tree for a
function f : {0,1}¥ — [0, 1] processes the input vector from left-to-right and terminates once the
value of the function is uniquely determined. A natural question is how the depth or complexity of
the decision tree is related to the function f. Intuitively, the larger the variance of the function f,
the more complex the tree must be. The OSSS inequality formalized this notion in the case that
the input vector is sampled from a product space [OSSS05]. The OSSS inequality states that a
certain weighted sum of the influences of the edges is lower bounded by the variance of f. This has
a natural connection to percolation theory: think of {0,1}¥ as the bond configuration, f as the
indicator function of an event of interest, and let our decision tree be formed by “exploring” the
edges of the configuration from a given starting site. For the sake of brevity, we directly present a
generalization of the OSSS inequality to monotonic measures due Duminil-Copin—Raoufi—-Tassion,
which we dub the DRT inequality. In this section, we follow the paper [DCRT18|, with some
statements generalized according to [Hut20].

We begin with generalities on decision trees, following the conventions of [DCRT18] and
[Hut20]. Given an n-tuple (z1,...,2,), let 2y denote its first ¢ elements. Consider a countable
set of edges E. Fix an edge e; € E. A decision tree is a function 7' : {0,1}¥ — EY sending
configurations w to sequences of edges (71,73,...) = (e1,es,...) that start with ey, along with a
collection of decision rules ¢; : B! x {0,1}~1 — E for all t > 2 satisfying the following property:
for each t > 2, we have e; = ¢;(e_1),wy—1]), where wy_y) denotes (we,, ..., we,_,). Stated simply,
the decision tree begins by querying the state w,, of edge e;, and at step ¢ > 2, it uses the decision
rule ¢; to decide which edge e; to query next. For a visual depiction, see Figure 3.

Figure 3: A visual depiction of a decision tree querying a configuration w.

Now suppose we are given a measure g on {0,1}¥ and let w be a random configuration
distributed as p. In this case, the sequence (e, es,...) of edges visited by our decision tree

13



T consists of random variables. For ¢t > 1, let F(T) = o({ei,...,e:}) denote the o-algebra
generated by ei,...,e;. Let F(T) = o(Up, Fi(T)) denote the smallest o-algebra containing
Fi(T) for all t > 1. Given a measurable function f : {0,1}¥ — R, we say that T' computes f
if f(w) is measurable with respect to the p-completion of F (7). If f is p-integrable, then since
F(T) / F(T), the martingale convergence theorem implies that as ¢ — oo, the Doob martingale
wlf (w)|Fe(T)] converges to f(w) p-almost surely [Durl9]. The revealment of an edge e is defined
as the probability that e is queried by the tree: 0.(T, u) = p[3t > 1 s.t. e; = e]. When FE is finite,
we define the stopping time 7 of 7" as the minimum number of steps until the decision tree is
guaranteed to have computed the value of f: 7(w) = min{t > 1 : Vu' € {0, 1}E,wé[t] =W, =
f(W) = f(w)}. When FE is finite, §.(T, ) = p[3t < 7(w) s.t. e, = e].

Theorem 4.1 (One-function DRT inequality). Let E be a finite or countably infinite set and let u
be a monotonic measure on {0,1}F. Then for every measurable, p-integrable, increasing function
f:{0,1}¥ —[0,1] and every decision tree T computing f we have that

Var, f < Z 0e(T, 1) Cov, [ f, we.

ecE

Proof. We begin by proving the result for F finite; at the end of the proof, we will bootstrap the
result to countable E. The first step in the proof is a clever method of sampling the configuration
w from p using independent and identically distributed (iid) uniform random variables. Let U be
a random vector whose coordinates are n iid Unif|0, 1] variables, and let ey, = (eq,...,e,) be an
n-tuple of edges. For ¢ > 1, we inductively construct a random configuration X on e, according
to

X, = 1 if Uy 2 plwe, = 0|W6[H] - xe[HJ]
¢ 0 else

In other words, at step t, we sample U; from Unif[0, 1], and if U, is larger than the conditional
probability that w., = 0 given the states of the previous edges e_y), we set X, to 1. The output
X of this procedure is denoted F.(U). The following lemma formalizes the intuition that X is
distributed as .

Lemma 4.2. Suppose that U is a random vector whose coordinates are n iid Unifl0,1] random
variables, and suppose that ef,) = (e, ..., e,) is a random n-tuple of edges. Suppose that for all
1 <t <n, U is independent of the variables (e, Uy—y)). Then X = F.(U) is distributed as j.

Proof. See Lemma 2.1 in [DCRT18]. O

We continue with the proof of Theorem 4.1. Let U be a sequence of n iid Unif|0, 1] random
variables. We use our decision tree T and the sequence U to construct an n-tuple e, of edges and
a configuration X on these edges. Our construction of ey, and X is inductive. Let e; be the first
edge visited by T'. For t > 1, let

X — 1 lf Ut 2 /’L[wet = 0|w€[t,1] - xe[tfl]]
° 0 else
and for t > 1, let e, = got(e[t_l],Xe[t_I]). We see that e, is the order in which the decision tree

T traverses the edges, and X is the configuration obtained from sampling U. Let 7 denote the
stopping time associated to T for the configuration X.
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Consider another sequence V' of n iid Unif[0, 1] random variables, independent of U. We utilize
a Lindeberg swapping argument. For 0 < ¢ < n, define the random vector

Wi=(Vi,....Vi,Up1,...,Ur, Vir, ..., Vi)

obtained by swapping entries ¢ + 1 through 7 of V with those of U. Let Y* = F,(W") be the
configuration obtained by the decision tree when T' follows the prescribed order ep,) and draws
uniform random variables according to the entries of W*. Note that when ¢ > 7, we have Y = Y™,
Also, when t = 0, the entries of the random vectors W° and U agree up to the stopping time T,

so that Y% and X agree up to 7 and f(Y?) = f(X).

By Lemma 4.2, X and Y™ are distributed as pu. Note that X is measurable with respect to U,
while Y™ is independent of U. Below, we let E denote the expectation with respect to the joint
measure i @ pu of X and Y.

In order to apply the Lindeberg method, we must rewrite the left-hand side of the desired
inequality as a difference of expectations. Note that

Varf < ullf ~ plfl]

= SE[ELF(O)IU] ~ EF (|0
= SE[EL(X) — 7YV

1 n
< SE(FX) = YU,
where in the second step we use the fact that X is measurable with respect to U and Y™ is

independent of U, and where in the last step we apply Jensen’s inequality. Since f(Y?) = f(X),
we in fact have Varf < 3E[|f(Y?) — f(Y™)|]. We now apply the triangle inequality to find

1 o _
Varf < 5 SR = YL
t=1
Since Y! =Y for all t > 7, all terms with ¢t > 7 are zero. Our bound therefore becomes
]‘ - t t—1
Varf < 5 ;EW(Y ) — YT L.

We now add conditioning on the random vector Uj;_y) to find

1 n
Varf < 53 EE[f(Y') = fY ) [Upr] - L]
23
Finally, we condition on the edge e; and find inequality ():

1 n
Varf < 5 SO BE[FYY) = fFY Y Upa] - Licrei=e.

eeE t=1

It suffices to control the conditional expectations E[|f(Y") — f(Y'™)||Up—y] for all 1 <t < n. In
order to proceed, we need the following result.

15



Lemma 4.3. If g is measurable and t < n, then E[g(Y*)|Uy] = ulg(w)].

Proof. Since none of the variables U; appear in the coordinates of W* for any j < ¢, it follows
that conditioned on Uy, the coordinates of W* are iid Unif[0, 1]. Therefore conditioned on Uy,
W is independent of Uy,...,U;_; for all 1 < ¢ < n. We also claim that conditioned on U

W} is independent of e for all 1 < ¢ < n. It suffices to check the claim for ¢ < ¢ < 7. By
construction, the set of edges ej; is determined by the variables U;_j, which as shown above are
conditionally independent of W} = U;. We may therefore apply Lemma 4.2 to the variables e,

and W' conditioned on Uy to find that Y* = F,(W') is distributed as . The result follows. [

We now claim that E[| f(Y*) — f(Y*"1)||Uj—1)] < 2Cov][f,w.]. To see this, we begin by rewriting
the difference |f(Y?) — f(Y*™')]. Note that since W' and W*! agree except at index ¢, the
configurations Y* and Y*~! agree except possibly at edge e. (This is because we follow the fixed
ordering ep, in order to construct Y* and Y1) If Y = V7', then Y = Y*~! and our difference
is zero, so that the claim is trivial. Otherwise, since f is increasing, we have

f)=fH = (F)—f I =Y) = f Y (Y)Y = (Y OY = (Y)Y

We begin with the positive terms. By Lemma 4.3 applied to ¢g(w) = f(w)we, we have
E[f(Y* )Y U] = plf(w)w] and B{F(YOY, Uj—y] = BELFY )Y |UgllUpr] = ulf @)
Next, we handle the negative terms. Consider the conditional expectation E[f(Y'™1)Y!|Upy),
where we condition on the entire vector U. Given s, the configuration Y is increasing in V/,
because if Y7 = 1 for some ¢, then if V} is increased, it remains the case that Y = 1. In particular,
the entry Y/ is increasing. Since f is increasing, f(Y'™!) is also increasing in V. By FKG with
respect to the variables V', we have the lower bound

ELf (Y)Y, U] = E[f (V)| U JE[Y, | Up -

We now take conditional expectations with respect to Up_q). Since Y/ is determined at step ¢, it
depends only on V' and Uj_y). Hence the conditional expectation E[Y}|Up,] is measurable with
respect to U_y). By Lemma 4.2, the bound reduces to

ELf (Y)Y |Up-y] 2 ELf (V') Uy B[ U] = plf (w)]plwe].

Similarly, the other negative term E[f(Y"")Y|Uy_1j] is bounded below by p[f(w)]p[we]. Putting
these inequalities together, we find that

E[lf(Y") = fC)Uj—y] < 200l f (@)we] — plf (w)]ulwe]) = 2Cov[f, we,
completing the proof of the claim.

Finally, plugging this estimate into (), we find

n

Varf < ZCov[f, We Zu[t < T,e = €]

ecE t=1
= 37 6.(T, w)Cov[f,w.),
ecE
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where in the last step we used the fact that ), | u[t < 7, e, = €] is the probability that 7" queries
e by the stopping time 7. This implies the result.

We now extend the above inequality to countable sets E, following [Hut20]. Given ¢ > 1,
consider the conditional expectation f; = u[f|F:(T)]. By definition, f; is computed by the decision
tree T by time t. Let F; denote the set of edges that T" can visit up to time ¢, with £, ~ E. Since
T is deterministic, F; is finite with |E;| < 2°. Let T; denote the decision tree T restricted to the
set of edges F;. Since E; is finite, the DRT inequality implies that

Varf; < 25 (T3, 1) - Covlfy, wel.

ecFy

Since f; forms a martingale, the martingale convergence theorem implies that Varf, — Varf,
Cov[fi,we] = Cov[f,we], and 0.(T}, ) — d.(T, ) as t — oo. This implies the desired inequality
for f. m

4.2 Two-function DRT inequality

By following the methods of the original OSSS paper, we can provide a “two-function” version of
the DRT inequality (Theorem 4.1). In this section, we follow the papers [Hut20] and [OSSS05].

Let CoVr,(f, 9) = (n®@ p)[|f(wi) — g(ws)[] — pl|f(wr) — g(wn)]], where (w1, ws) is sampled from
the product measure p ® pu. We can think of CoVr as a generalization of the covariance of two

functions. Indeed, note that if f and g take values in {0, 1}, then

Cov(f,g) = (@ )| f(wr) — g(w2) ] = pll f(wr) — g(wr)]?]
= (L@ p)[f (w1)? + glw2)® = 2f (wi)g(wa)] — plf (wi)® + glwr)? = 2f (wi)g(wr)]
= 2u[f(w1)g(wi)] = 2u[f (wi)]plg(ws)]
= 2Cov([f, g].

Theorem 4.4 (Two-function DRT inequality). Let E be a finite or countably infinite set and let
u be a monotonic measure on {0,1}E. Then for every pair of measurable, p-integrable functions
f,9:{0,1}F — [0,1] with f increasing and every decision tree T computing g, we have that

%|Com(f, 9| <D 6T, 1) Cou,[f, we].

eceE

Proof. We follow Section 3.3 of [OSSS05]. As it turns out, the proof is simply a reduction to the
one-function proof. Let configurations X and Y be independent samples from the measure pu.
As in the proof of the single-function inequality, we utilize the configurations Y* for 0 < ¢t < n
obtained by the Lindeberg swapping method. Recall that Y™ = Y. Also, recall that Y° agrees
with X on the edges visited by T up to the stopping time 7 when the input configuration is X.
Since T' computes g, this implies that g(Y?) = g(X). With this in place, we begin by rewriting
CoVr(f,g):

CoVi(f,9) = (n@ wllg(X) = FY)I] = pllg(X) = F(X)]]
= (p@pllg(¥") = FO™)] = pullg(¥®) = F)]].
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In the first term, we used the equality g(X) = ¢(Y?), and in the second term, we used the fact
that Y is distributed as p. We now apply the triangle inequality to find

CoVi(f,9) < (@ w)[lg(¥?) = FYO) + 1f(Y?) = Y] = ullg(Y®) = f(Y7)]
= (n@ p)[lfF (") = FY™)]).

The same bound holds for —CoVr(f, g); simply write

—CoVi(f,9) = (n® w[lg(Y") = FY)] = (p @ ) [lg(¥Y") — F(Y™)]]
< (e mlg”) = fFOMI+ ) = fFOM] = (p® wllg(¥Y) = fFO™)]]
= (u@p)[lf V) = fOr™)]L.

It therefore suffices to bound (u @ w)[|f(Y?) — f(Y™)|]. But this can be done exactly as in the
proof of Theorem 4.1, and the result follows. O

4.3 Decision forest inequality

Finally, we present a generalization to so-called decision forests. In this section, we follow the
paper [Hut20].

Suppose E is countable. A decision forest F' is simply a countable collection of decision trees
{T;}2, on {0,1}¥. Define the o-algebra F(F) = o({F(T")}2,). Given a measure u on {0,1}¥
and a measurable function f : {0,1}¥ — R, the forest F' computes f if f is measurable with
respect to the p-completion of F(F'). The revealment of an edge e is defined as the probability
that e is queried by some tree: 0.(F,p) = p[3i € N, 3t > 1 s.t. T} (w) = €.

Theorem 4.5 (Decision forest inequality). Let E be a finite or countably infinite set and let u
be a monotonic measure on {0,1}F. Then for every pair of measurable, p-integrable functions
f,9:{0,1}F — [0,1] with f increasing and every decision forest F' computing g, we have that

51 CoVF.0) < 3 0.(Fup) o[

eckE

Proof. We convert the decision forest F' to a decision tree 7' in the following manner. Suppose
that F' = {T"}2,. Let {p;}2; denote the prime numbers in increasing order. At each time ¢ € N,
ift = p{, then T queries tree T%; else, T' queries edge e;. The edges visited by 7" are the same as
those visited by F', so 0.(T, ) = 0.(F, p) for all e € E. The result follows from Theorem 4.4. [

5 Applications to the random cluster model

In this section, we present three applications of the decision tree and decision forest inequalities
derived above to the random cluster model. These include a differential inequality on the radius
of the cluster of the origin, a differential inequality for the volume of the cluster of the origin, and
a weak version of the ¢ partial differential inequality.
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5.1 Application 1: differential inequality for radius

Our first application of Theorem 4.1 is a differential inequality for the radius of the cluster of
the origin. As a corollary, we obtain the sharpness of the phase transition of the random cluster
model. In this section, we follow the paper [DCRT18|.

Given n > 0, let the box A,, C Z? denote the set [—n,n]?NZ4. Given a site z, let A,,(x) denote
A,, translated by the vector x.

Theorem 5.1 (Radius tail bound). Fizrd >2, n>1,q>1, By 20, and 5 < 5y. Fork > 0,
let pp = ¢, s, denote a random cluster measure on Aoy with translation invariant coupling

constants, let Oi(8) = pgl0 <> OAg], and let S, = Z;(l) 0.. Then there exists a constant ¢ > 0

such that
n

9%(&) > Cs_nen(ﬁ)'

In order to establish the above, we use the following corollary of Theorem 4.1.

Lemma 5.2. Consider a finite connected subgraph A of Z? containing 0. For any monotonic
measure p on {0,1}F and any n > 1, we have

n

dmax,er, Yoy plr ¢ OA(0)

> Covl1poon, we] > 0 65 AN (1 — [0 < 9AL)).

ecE

Proof. The key insight is to apply Theorem 4.1 to a sequence of decision trees T} indexed by k €
[1,n], where T} determines 1g.,95, starting from the set OAy. Averaging the resulting inequalities
yields a low average revealment for any fixed edge.

Given k, decision tree Ty operates as follows. At step ¢, let V; denote the set of vertices that
have been determined to be connected to Ay, with Vo = OA,. Let F; denote the set of discovered
edges, with Fy = (). Let V and F denote the set of vertices of A, and edges of A, respectively.

We fix an ordering of F. At step t, we perform one of two operations.

o If there exists an edge e = xy € F with e € F}, x € V,, and y € V;, then we explore the
smallest such edge by setting Fy,; = F; U {e} and

Vo Viu{e} we=1
AR Vi else

(Note that there is no need to explore edges e = zy with z,y € V;, as doing so would not
change our knowledge of the connected components of JAy.)

e If there does not exist such an e, set e;41 to be the smallest edge e € F'\ Fy, set Vi1 =V,
and set F = F, U {e}.

(In this case, we have completely determined the connected components of 0Ay.)
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Note that the stopping time 7 is the last step t for which we are in the first case. Once we
have determined the connected components of OAy, we can determine whether {0 <» OA, } occurs;
this is equivalent to the existence of a connected component of A that intersects 0 and OA,,.

Our upper bound on revealment is d.(Ty, ) < plu <> OAg] + p[v <> OA;] for any edge e = uv.
This is clear, because if e is discovered by time 7, then either u or v is in a connected component
of O\, hence u <> OA;, or v <> OA,.

We now sum the upper bound over k. We claim that

Z plu <> 0Ay] < Z plu < OAk—qeu,0) ()]

k=1 k=1

This follows from the triangle inequality: the distance between u and a point on JA; is at least
|k — d(u,0)|. Continuing, note that we may bound this sum by

n n—1
> pfu > ONp—aguy ()] 2 plu > OAk(u)).
k=1 k=0
This is because
d(u,0)|—1 n—|d(u,0)]
ZMUH@AW d(u,0)| Z plu <> OA(u)] + Z plu <> OAg(u)]
k=1 k=0 k=1
n—1 n—1
< D n[u < Ok (u)] pilu < OAg(w)].
k=0 k=0

Putting the inequalities together and taking a maximum on the right-hand side, we find (*):

n—1

Z,u[u AV 2maXZu x <> O\ (z)].

$en

We now apply Theorem 4.1 to decision tree T} for all k and average the inequalities to find

1 & 1
- ;Varu[loemn] < - Z Z56<Tk7M)Covﬂ[lﬂHBAn,We].

k=1 ecFE

By our bound on 0.(T}, 1), we have > ¢, 8c(Th, i) < Dy plu <> ONg] + >0, plv <> OA;]. By

(%), we have
n—1

;56(7}“ 4;2&):2;1 x < O\ (z)].

Plugging this bound into the right-hand side of our averaged inequality and using the fact that
Var,[locon,] = 1[0 <> OA,](1 — p[0 <> 0A,)), we find

n—1

1
E'U[O < 0N, (1 — pf0 <> 0A,]) < 4maxz,u x <> 0N (2 Z Cov,[Locsan,  Wel-

:L‘G n cE
e

Rearranging yields the desired inequality. O]
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We are ready to prove Theorem 5.1.

Proof. We apply Russo’s formula (Proposition 2.6) and manipulate to arrive at the differential
inequality. We study the connection event {0 <» 0A,,} in the finite box Ay,.

Consider Lemma 5.2 where Ay, is equipped with the measure p,,. We begin by bounding the
maximum on the right-hand side by a constant multiple of S,,. We claim that for x € A,,, we have

n—1
D tinlr e OM(2)] <2 il 4 OA(2)]
k=0 k<n/2
<2 > 0 > OAy]
k<n/2
< 25,

To see the second step, consider Figure 4. Note that Agx(xz) C Ag,. Therefore for any given
configuration w, the Domain Markov Property in Proposition 2.5 implies that

,U/TZI::C A aAk(m)‘w‘AQH\AQk(m) - a\}'AQn\AQk(w)] - (biQk(m)aB:q[x AN aAk(m)]’

where £ is the boundary condition induced by @w. By comparison of boundary conditions in
Proposition 2.5, this is bounded by the probability of the event with respect to the wired random
cluster measure on Ay(z), namely ¢y . 5 [z <> OA(z)]. Removing the conditioning, we find an
upper bound of ¢ ) 5 [¥ <> OAy(2)]. It is now clear that ¢} ) 5 [z <> OAk(2)] = pi[0 > O],
since the wired random cluster models on Ay (z) and Ay, are identical up to a translation by x.
The claim follows.

5

Ag(x)

Ag(x)

AZn

Figure 4: The boxes used in the proof of Theorem 5.1; adapted from [DCRT18].

Therefore Lemma 5.2 implies

> Covy, [Locsan,, we] =

eckE

85 0, (5)(1 = 0n(5)).

By Russo’s formula,

/ Je
en (ﬁ) = Z eﬁTCOV“” [10<—>8An7 we]7

—1
eck
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which, since By > 3, is bounded below by

. Je
b [m} 'QEZECOVMUOH&AM%]
Note that since 6,(50) < 61(5o) and 0,,(5) < 6,,(Bo), we have 1 — 6,,(8) > 1 — 6,(5y). Hence

n

0,(8) = Cs_ne”(ﬁ)’

1-61(Bo)
8

where ¢ = MiNec g [8,30‘5—2_1} is a positive constant. ]

As stated at the beginning of this section, a corollary of Theorem 5.1 is the sharpness of the
phase transition.
Theorem 5.3 (Sharpness of random cluster model). Given the random cluster model on Z* with
d > 2, wired boundary condition, and q > 1:

o There exists ¢ > 0 such that 0(8) = B — B, for B = B. sufficiently close to B,;

o For any B < B, there exists cg > 0 such that ¢¥ 5 [0 <> OA,] < exp(—cgn).

Proof. By the purely analytic Lemma 3.1 of [DCRT18], Theorem 5.1 implies the result. See
[DCRT18] for details. O

Note that although Theorem 5.3 is stated for the wired boundary condition, the coincidence
of the critical points of the wired and free boundary conditions implies sharpness for the free
boundary condition.

5.2 Application 2: differential inequality for volume

We now use Theorem 4.5 to derive a differential inequality for the volume |Cy| of the cluster of
the origin. In this section, we follow the paper [Hut20].

Theorem 5.4 (Volume tail bound). Given ¢ > 1 and boundary condition £ € {f,w}, we have

efle — 1} ( d ) 1 n(l —e?)
max — ) log¢%, [|Col =n] > = — -1
ek [ Jo  [\dB) TP 2IA A 65 lICo| = m]

forall >0, A>0, andn > 1.

As in the derivation of the differential inequality for the radius, we begin with an intermediate

bound.

22



Proposition 5.5. Let G = (V, E) be a countable graph. Let j1 be a monotonic measure on {0,1}7.
FizveV,n>1,and A\ > 0. Then

(1—e ) — p[l — e ANGI/m
28Up, ey pu[l — e MCul/n]

WV

Z OOUM[IICA?mWe}

eckE

pllCof = nl.

Proof. Surprisingly, we reintroduce a technique from [AB87]: sprinkling green sites among the
vertices! Let w € {0,1}F denote the configuration of edges. We define the ghost field n to be a
random variable independent of w that independently assigns each u € V' the value n, = 1 with
probability » = 1 — e~ and the value 7, = 0 with probability 1 — h. We call vertices u such
that 7, = 1 the green sites, and let G denote the random set of green sites. Let P denote the joint
distribution of (w,n) and let E be the associated expectation.

Consider the functions f(w,n) = 1j¢,|» and g(w,n) = lyug. Here, v <+ G is the event that
v is connected to some green site by an open path of edges. We will apply Theorem 4.5 to the
pair (f,g) for a certain decision forest computing g. The intuition for the choice of (f,g) is as
follows: in order to understand the function f, we construct an approximation g which affords
a convenient decision forest. When f(w,n) = 1, the expected number of green sites is at least
2|C,| = A, and so it is likely that g(w,n) = 1. On the other hand, if the cluster volume is smaller
than n, we expect to see very few green sites in C, and g(w,n) is likely 0.

With this intuition established, we describe our decision forest. Fix an ordering of the edges
in E. The forest F' consists of trees {T,, : u € V'}. The decision tree T, operates in the following
way. First, T,, queries vertex u. If u is not green, then the process terminates. Else if u is green,
then T, explores the cluster of u by processing edges in increasing order. The exploration of each
cluster is identical to the exploration of the tree T}, in the proof of Lemma 5.2. It is clear that F
computes g, since v <+ G if and only if v is discovered in the cluster of some green site wu.

It is important to note that unlike in the previous example of a decision tree, the tree T, takes
as input a vertex u and a sequence of edges. As a result, the vertex u is associated to a revealment
0, (F,P) which must be accounted for in our decision forest inequality.

Theorem 4.5 therefore reads

COV[f, g] < Zéu(Fa P)COV[f, nu] + 256(F7 ]P))COV[f, we]v

ueV eck

where covariance is taken with respect to P. Since the random variables 7 and w are independent
and since f is independent of 7, we have Cov|f,n,] = 0, hence the first sum of the right-hand side
vanishes.

The revealment d0.(F,P) can be bounded as follows. If e = xy for vertices  and y, then if e
is visited by the forest, e must be connected to G. In other words, either x <+ G or y <> G. The
probability that there is no green site in the cluster of x is exactly p[(1 — h)I%l] = ple=MC=1/],
hence x <+ G occurs with probability at most sup,cy p[l — e~ MCl/?] The same holds for y, so by
a union bound, we have

be(F,P) < 2sup p[l — e ANCl/m],
ueV
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Finally, we massage the left-hand side of the inequality. By definition of covariance, we have

Cov[f,g] = E1ic, zn1veg] — E[1icy 150 E[1vsg]

= (Plo < Gl|Cy| = n] = Plv < GNul|Cy| = n]
(E[(l — e NG| = n] = Plo > GDulICy] > n]
> (1=e™) = pll = e NMul|Cy| > n).

Plugging in this bound and our bound on §.(F,P), we find

(1 =€) = p[l = e N ]| Cy| = n] < 2sup pll — e NN " Cov[f, wel,

ueVv ecE

which implies the result. [
We are ready to prove Theorem 5.4.

Proof. Consider Proposition 5.5 where G = Z4, y = qﬁﬁ o and v =0. Note that since 1 —e™* <z

for all 2, we have the bound 1—e=Ml/» < 1A A'S“ Also, note that any nonnegative integer-valued
random variable X satisfies E[X] =} P[X > m]. It follows that

_ n A n
O gl —e N < =0, {X A \cu@

)\ ¢ n

m>1

fn/ Al

Z%\O\ m,

where in the last step we used the fact that ¥ A |C,| is at most [n/A]. By translation invariance
in infinite volume, we in fact have that

WM
sup ¢ ,[1 — =] Z%qfco > m.
ueV
Therefore Proposition 5.5 implies that
1—e A ¢% []_ — 6_/\|COVH]
COV[1|C |>n,we] = |: - 4 :| : (bg HCO‘ = n],
; 0 9 Z( /A q%q“C ‘ ] QSUPueV d)%,q[l _ e—AICu\/n] ,q

where covariance is taken with respect to the measure gbg .~ Upon bounding the subtracted fraction
by 1/2 and rearranging, we find

1 (]. - 6_)\)
ZCOV[1|Co|>mwe] > 2 {)\ ZWM ¢5 ol Col = m]

eck
We now apply Russo’s formula in infinite volume (Proposition 2.7) to find

A .
(%) +¢ﬁ,q“00’ = TL] P Z eBLa—_lcov[l‘CO|>n7we]-

ecE

1} - 05,,[|Col = ).
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Uniformly bounding eﬂj,]T";l, we find

efle — 1 d

ecE

Combining this with the lower bound above and applying the logarithmic derivative formula for
Dini derivatives yields the result. [

5.3 Application 3: weak ¢° inequality

For our last application, we return to Conjecture 3.2. The following are recent developments of
Aizenman and El Bahri, by personal communication. The ¢ inequality for percolation on Z¢ with

d > 2 states that
oM oM

M < h—— + BM— + M?,
oh +5 ap
where M = E[1 — e‘h‘c("]. As we have seen, the proof for percolation does not directly generalize
to the random cluster model due to its dependence on the BK inequality. We present a unified

proof of a weak version of this inequality for all ¢ > 1 and boundary conditions £ € {f, w}.

To state our inequality, we define a ghost field 1 on sites of Z? such that 7, = 1 with probability
1 —e " and 1, = 0 otherwise, with 7 independent of the configuration w. We write u for the
distribution of . We define the magnetization of the random cluster model as M = E[1 — e~"I¢l],
where expectation is taken with respect to the joint distribution P of the ghost field 1 and the
configuration w ~ qbg "

Theorem 5.6 (Weak ¢ inequality). Given d > 2, ¢ > 1, and boundary condition & € {f,w}, we

have 5 5
2
M < h(ah) M—i—ﬁM(aB) M+ M

forall >0 and h > 0.

In our proof, we apply infinite volume Russo’s formula (Proposition 2.7) to the product measure
P. Although the configuration w and ghost field 7 individually satisfy Russo’s formula, the product
space is not naturally a random cluster model. For this reason we explicitly justify the use of
Russo’s formula below.

Proof. We apply Theorem 4.5 to the single function f(w,n) = 1g.g with the decision forest utilized
in the proof of Proposition 5.5. As mentioned above, we choose the ghost field such that a given
site u is green with probability 1 — e™". Theorem 4.5 reads

ueVv ecl

where covariance is taken with respect to P. As a first simplification, note that since f takes values
in {0,1}, we have Varf = E[f] — E[f]*? = M — M>.
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We begin by bounding the second sum on the right-hand side. Note that an edge e = xy is
discovered by our forest if and only if e is open and x lies in the cluster of some green site. We
have performed this computation before: the probability that x lies in the cluster of some green
site equals E[1 — e~"%I] which by translation invariance is precisely M. Hence d.(F,P) < M for
all e € E, so that the second sum is bounded by M »"__, Cov|[f, we].

We claim that the following inequality (#x*) holds:

(%) M > Zew -Covlf,wel.

To see this, first note that

(%)M:(%) S S, [F )] -l

* he{o,1)2

S (%)fg,q[f(w,m]-mm,

7e{0,132¢

where in the first step we conditioned on 7 = 7, and where in the second step we used the
superaddivity of the Dini derivative. We may now apply Proposition 2.7 to the function f(w,n)
to find the lower bound

S Y e Covge [flw i)l uli = Y e YD Covyg [Fwrn), il -l

ne{0, 1}Zd eck eckE 7e{0, 1}Zd
_ZeﬁJe_ Cov[f, wel,
eekE

where the last covariance is with respect to P. The inequality (%) follows.

Since ¢ — 1 > x for all x, the fraction B,‘]— is at most 5. Multiplying both sides of (xx) by

1
[, we see that

B( ) > Cov[f,w].

ecE

Therefore the second sum is bounded by M (%) +M .

Next, we bound the first sum on the right-hand side. Apply the trivial bound 6, (F,P) < 1 for
all u, so that we have the bound ) _,. Cov[f,7n,]. We claim that the inequality () holds:

0 1
(%)JFM > = Z Cov[f, nu)-

ueZzd

We proceed as in the previous case. Note that Proposition 2.7 applies to 77 and yields the inequality

) a(1 — e*h) 1
(ah)+9(77) = ah 1 — e COV/.L g 77u 1 _ e_h COV#[Q,T]“]

uEV ueV
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for any increasing function g : {0,1}%° — R. Following the proof of (sx), we write

(37) 2> = (57) strtom-o5 i

wef{0,1}£

1 R N
> Z Z 1 — eh Covu[f(w,n), nu] ’ ¢g,q[w]
we{0,1}F uezd

1
=1 > Covlf,ml,

ueZd

where the last covariance is with respect to P. The inequality (x) follows.

Rearranging (x), we find

(1—e™) <(%)+M > Cov[f,m].

uezZd

Since 1 — e~ < h for all h > 0, it follows that the first sum is bounded by h(%hM.

Putting the bounds on the first and second sums together and rearranging, we arrive at the
desired inequality. O]

6 Discussion

In this paper, we presented differential inequalities for the random cluster model, including a
radius tail bound, a volume tail bound, and a weak version of a ¢® inequality. We saw that
classical techniques from Bernoulli percolation do not directly generalize, and instead new tools
from the theory of decision trees and decision forests are useful. Although we did not present the
analysis of the differential inequalities in this report, a number of the results imply so-called critical
exponent bounds. Both Theorem 5.1 and Theorem 5.4 imply that 6(3) grows at least linearly for
B > B. with g sufficiently close to 5., and Theorem 5.4 implies other critical exponent bounds on
the tail of the volume of Cy [DCRT18] [Hut20]. If Conjecture 3.2 is true, then a number of critical
exponent bounds on the magnetization M from [AB87] would carry over to the random cluster
model for ¢ € [1,2]. At present, we do not have a method of attacking the Burgers’ inequality, but
given the simplicity of its proof for percolation it is likely that the result is within reach of current
tools. Regardless, the development of new differential inequalities to probe critical phenomena
will remain an exciting part of statistical mechanics in the years to come.
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